Introduction {#s1}
============

Imagine you stand at a crosswalk and hear the honking of a car. If you are at the edge of the crosswalk, you should stop walking to avoid collision, but if you are already in the middle of the crosswalk, you should speed up walking for the same reason. The appropriate action to a given sensory stimulus can therefore depend on the situation, and it may be necessary to select it rapidly. The selection of the action hinges on the previously learned associations between stimuli, actions, and outcomes in the situations. Previous studies have shown that neurons in frontal and prefrontal cortices respond differently to a given stimulus when it signals different actions ([@bib1]; [@bib29]; [@bib40]; [@bib39]; [@bib49]; [@bib54]). However, very little is known whether similar representations of associations between stimuli and actions (*sensorimotor associations*) are present also in sensory cortices. If so, this might accelerate the selection of the appropriate action because such representations might be directly conveyed to motor cortex via anatomical projections from sensory cortex to motor cortex ([@bib31]; [@bib41]), and not only indirectly via cortical association areas.

To our knowledge, only few studies have investigated whether learned sensorimotor associations are represented in sensory cortex and specifically in auditory cortex, which is known to be more than a mere stimulus processor ([@bib42]; [@bib50]). Several studies reported that neurons in early auditory cortex responded differently to a given sound depending on the action the animal had to execute in response to the sound ([@bib15]; [@bib27]; [@bib48]). However, the observed differences in the neuronal responses do not necessarily reflect differences in sensorimotor associations but perhaps differences in confounding factors known to affect neuronal activity in auditory cortex. These factors include the events used to cue the animal about the association between sound and action ([@bib10]; [@bib11]; [@bib37]; [@bib48]), the acoustic context in which the sound was embedded ([@bib12]; [@bib13]; [@bib8]; [@bib9]; [@bib27]; [@bib34]; [@bib47]), and the valence of the sound, that is the associated type of reinforcement ([@bib7]; [@bib15]; [@bib38]). It is therefore still an open question whether sensory cortex represents sensorimotor associations.

Here, we addressed this question by recording neuronal activity from early auditory cortex of nonhuman primates while they performed tasks which required them to execute different actions to the same sound to receive a reward. We recorded not only action potentials but also local field potentials. The latter allowed us to also investigate whether sensorimotor associations are represented in the summed graded and action potentials of neuronal populations in auditory cortex.

Results {#s2}
=======

Experimental rationale and overview {#s2-1}
-----------------------------------

Two macaque monkeys were each trained to perform two tasks requiring different sensorimotor associations. In both tasks, a trial started with the illumination of a light emitting diode (LED) where upon the monkeys had to grasp and hold a touch bar for several seconds ([Figure 1A](#fig1){ref-type="fig"}). This triggered the presentation of a sequence of two 200 ms tones, S1 and S2, separated by an 800 ms delay. Each tone could have a frequency of either 3 kHz ([Figure 1B](#fig1){ref-type="fig"}; orange boxes) or 1 kHz (blue boxes), resulting in the four sequences 3--3, 3--1, 1--3, and 1--1. Depending on the sequence and the task, the monkeys were required to either release the bar within a specific time interval after S2 (a *go response*) or to continue holding the bar and thus not to release the bar within this interval (a *no-go response*) to obtain a reward (a small amount of water). The monkeys received the reward for correct go responses (*hits*) and correct no-go responses (*correct rejections*) and no reward for incorrect responses (*misses* and *false alarms*).

![Scheme of the tasks used to investigate neuronal representations of sensorimotor associations in early auditory cortex.\
(**A**) A trial started with the illumination of a light-emitting diode (LED), after which the monkeys had to grasp and to hold a touch bar for some time. This triggered the presentation of a sequence of two tones, S1 and S2, separated by a delay. The monkeys were required to either release the bar within a specific interval after S2 (*go response*) or to continue holding the bar and thus not to release the bar within this interval (*no-go response*). Bar release caused the LED to turn off. The monkeys were rewarded with a small amount of water for correct go responses and correct no-go responses. (**B**) Each tone could have a frequency of either 3 kHz (orange boxes) or 1 kHz (blue boxes), resulting in the four possible sequences 3--3, 3--1, 1--3, and 1--1. In Task 1, the go response was required for the sequence 3--3 and the no-go response for the other sequences. In Task 2, the go response was required for the sequence 1--1 and the no-go response for the other sequences. The monkeys were cued which task to perform in a trial, with a green LED located to the monkey's right for Task 1 and with a red LED located to the monkey's left for Task 2. (**C--D**) Sensorimotor associations of S1s and S2s in Task 1 (**C**) and Task 2 (**D**) from the perspective of an ideal observer. At the start of a given trial, the observer could not know which motor response would be required to obtain a reward, and identification of the frequency of S1 was a necessary first step towards resolving this uncertainty. However, in Task 1, when S1 was 3 kHz, identification of S1 was not sufficient and S1 therefore could not signal the required motor response (*S1-uncertain*). The sufficient information was provided by S2, with the go response signaled by S2 when it was 3 kHz (*S2-go*) and the no-go response when it was 1 kHz (*S2-no-go*). When S1 was 1 kHz, identification of S1 was both necessary and sufficient for resolving the uncertainty and therefore S1 could signal the required motor response (*S1-no-go*). In this case, identification of S2 was not necessary for resolving the uncertainty and S2 was therefore not needed to signal the motor response (*S2-nil*). In Task 2, in trials where S1 was 1 kHz, S1 could not signal the required motor response (S1-uncertain) and S2 signaled the go response when it was also 1 kHz (S2-go) and the no-go response when it was 3 kHz (S2-no-go). In trials where S1 was 3 kHz, S1 could signal the required motor response (S1-no-go) and S2 was not needed to signal the motor response (S2-nil).](elife-43281-fig1){#fig1}

In Task 1, the go response was required for the sequence 3--3 and the no-go response for the other three sequences (3--1, 1--3, and 1--1; [Figure 1B](#fig1){ref-type="fig"}). The sequence presented in a given trial was chosen randomly such that at the start of the trial the monkeys could not know which motor response would be required to obtain the reward. Identification of the frequency of S1 was a necessary first step toward resolving this uncertainty. However, when S1 was 3 kHz, identification of the frequency of S1 was not sufficient: even an ideal observer would remain uncertain (*S1-uncertain*; [Figure 1C](#fig1){ref-type="fig"}, top). The sufficient information was provided by S2, with the go response required when S2 was also 3 kHz (*S2-go*) and the no-go response when it was 1 kHz (*S2-no-go*). In contrast, when S1 was 1 kHz, identification of the frequency of S1 was both necessary and sufficient for resolving the uncertainty and realizing that the no-go response was required (*S1-no-go*; [Figure 1C](#fig1){ref-type="fig"}, bottom). In this case, identification of the frequency of S2 was not necessary because the no-go response was required irrespective of the frequency of S2 (*S2-nil*). Therefore, the two tones used as S1 differed with respect to whether they could resolve the uncertainty regarding the required motor response and thus could signal the motor response or not (S1-no-go vs. S1-uncertain). In the sequences where S1 was 3 kHz ([Figure 1C](#fig1){ref-type="fig"}, top), the two tones used as S2 differed with respect to whether they signaled the go response or the no-go response (S2-go vs. S2-no-go). In the sequences where S1 was 1 kHz ([Figure 1C](#fig1){ref-type="fig"}, bottom), neither of the two S2-nils was needed to signal the motor response (the no-go response).

We note that the behavioral meaning of a given tone can be formulated in two different, albeit equivalent, ways. For example, S2-go means reward for the go-response and equivalently no reward for the no-go response. Similarly, S2-no-go means reward for the no-go-response and equivalently no reward for the go response. S2-go and S2-no-go therefore differed with respect to the motor response required to obtain the reward (e.g., go: reward vs. no-go: reward) and with respect to the reward value of a given motor response (e.g., go: reward vs. go: no reward). Our experimental design cannot distinguish between these two equivalent formulations of a stimulus-action-outcome association. For simplicity, we use the term sensorimotor association for both. Moreover, sequences where S1 was 1 kHz had lower memory demands during the delay than sequences where S1 was 3 kHz, because only in the latter sequences the two possible sensorimotor associations of S2 had to be memorized to solve the task. These differences in memory demands were used in a previous study to demonstrate that there is neuronal activity in auditory cortex during the delay related to working memory ([@bib25]). Finally, sequences where S1 was 1 kHz and where it was 3 kHz might have also differed in the level of attention after S1, but not during S1, because the monkeys could solve the task solely by identifying S1 in the former trials while they remained uncertain after S1 and needed to identify S2 to solve the task in the latter trials.

Although Task 1 required different motor responses to different tones (i.e., different sensorimotor associations), the required motor responses co-varied with the frequency of the tones and with the acoustic context in which the tones were embedded. We therefore designed Task 2 in which the same set of tone sequences was used but the required motor responses for the sequences 3--3 and 1--1 were reversed relative to those in Task 1, that is the go response was required for the sequence 1--1 and the no-go response for the remaining sequences ([Figure 1B](#fig1){ref-type="fig"}). Therefore, the sensorimotor associations required in Task 2 ([Figure 1D](#fig1){ref-type="fig"}) differed from those in Task 1 ([Figure 1C](#fig1){ref-type="fig"}).

This experimental design should enable testing whether sensorimotor associations are represented in auditory cortex by comparing neuronal responses to tones of the same frequency and in corresponding positions in the two tasks (compare [Figure 1C and 1D](#fig1){ref-type="fig"}). In the following, we first compare neuronal responses to S1-no-go and S1-uncertain. We then compare neuronal responses to S2-go, S2-no-go and S2-nil. We limit our analyses to short periods after tone onset because neuronal activity in auditory cortex can be related to the actual execution of motor behavior ([@bib10]; [@bib17]). We also characterize the neuronal activity related to the execution of the go response and assess its potential contribution to differences in the neuronal responses to the tones between the tasks.

We cued the monkeys regarding which task to perform in a trial by illumination of different LEDs: a green LED to the monkey's right signaled Task 1 and a red LED to its left signaled Task 2. LED illumination also served to mark the start of a trial. Because visual stimuli, eye position, and the mental state related to them might result in phasic or tonic changes of neuronal activity in auditory cortex ([@bib6]; [@bib10]; [@bib11]; [@bib20]; [@bib37]; [@bib51]), we assessed potential contributions of the visual cue to differences in the neuronal responses between the tasks by analyzing the neuronal activity during periods directly before S1 and before S2.

Within each experimental session, the monkeys conducted the two tasks in separate, alternating blocks of trials. We used a block rather than a random design to increase the monkeys' performance. A block consisted of \~140 trials and lasted \~25 min. In each block, trials requiring the go response or the no-go response were presented in pseudorandom order, with the go response required in \~60% of the trials (range 50--77%) and the no-go response in \~40% of the trials (range 23--50%). Ideally, each sequence would have been presented with the same probability. However, this was not feasible because then the monkeys likely would have adopted a strategy of executing the no-go response in every trial, which would have yielded a reward in 75% of the trials. We therefore had to increase the percentage of trials requiring the go response. Consequently, the median probability for a tone to have a frequency of 3 kHz in Task 1 was about three times (range 2--6) that in Task 2, and the probability for a tone to have a frequency of 1 kHz in Task 1 was about one third that in Task 2. These differences in the probabilities of the 3 kHz and the 1 kHz tones within tasks and across tasks contributed to differences in the *acoustic context* and could result in different degrees of stimulus-specific adaptation of the neuronal responses ([@bib34]; [@bib47]). Differences in stimulus-specific adaptation could arise irrespective of whether the monkeys performed the tasks or not. To estimate the task-independent effects of stimulus-specific adaptation, we recorded neuronal responses to the same set of sequences while the monkeys did not perform the tasks and did not receive the reward. In such *passive conditions*, the sequences were presented with an interval drawn randomly from a uniform distribution between 3.5 and 4.5 s and were organized in separate blocks. In half of these blocks, the four sequences were presented with the same probabilities as in Task 1 and in the other blocks with the same probabilities as in Task 2. In addition, we compared the neuronal responses from task sessions with small and large differences in the probabilities of the tones.

Microelectrode recordings of neuronal activity in auditory cortex started once the monkeys had responded correctly to each of the four sequences in ≥65% of the trials in both tasks during ten consecutive sessions. Single-unit and multiunit spiking activity as well as LFPs were recorded from the core fields of the right auditory cortex of both monkeys. This report is based on the data recorded during 243 experimental sessions. During 154 of these sessions, the monkeys performed the two tasks (108 and 46 sessions from monkey C and L, respectively). During 97 of these sessions, the monkeys were also passively exposed to the tone sequences after they had performed the tasks. During another 89 sessions, the monkeys were only passively exposed to the tone sequences. During nearly all the 154 task sessions, the monkeys discriminated between the go and each of three no-go sequences in both tasks. This is shown using signal-detection theory. The d-prime values were calculated using the hit rate for the go sequences and the false-alarm rate for each of the no-go sequences for each session and task ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}).

In the following sections, we focus on the results obtained from the 3 kHz tones. The corresponding results obtained from the 1 kHz tones were very similar, and they are shown in the supplement ([Figure 2---figure supplements 1](#fig2s1){ref-type="fig"}--[5](#fig2s5){ref-type="fig"}, [Figure 3---figure supplements 1](#fig3s1){ref-type="fig"}--[2](#fig3s2){ref-type="fig"}, and [Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}).

Representation of sensorimotor associations in auditory cortex revealed by comparing spike responses to S1 {#s2-2}
----------------------------------------------------------------------------------------------------------

Many neurons in early auditory cortex responded differently to an S1 of a given frequency depending on whether S1 could signal the required motor response (S1-no-go) or not (S1-uncertain). [Figure 2A and 2B](#fig2){ref-type="fig"} show the spike rates of a representative multiunit averaged across all correctly performed trials. For this example, the spike rate during the presentation of an S1 of 3 kHz (orange traces) was higher in Task 2 ([Figure 2Bi](#fig2){ref-type="fig"}) than in Task 1 ([Figure 2Ai](#fig2){ref-type="fig"}), that is the spike rate was higher to S1-no-go than to S1-uncertain. To quantify the difference in the spike responses, we computed the ratio of the mean spike rate during S1-no-go to the mean spike rate during S1-uncertain (*during-S1 spike ratio*). A ratio \>1 therefore represents a higher spike rate during S1-no-go than during S1-uncertain. The mean spike rate was computed over a 250 ms period starting with S1 onset and ending 50 ms after S1 offset to include offset responses. For this multiunit and for the 3 kHz tone, the during-S1 spike ratio was 1.40, which was significantly \>1 (p\<0.05, permutation test). This was not the case for the spike ratio computed from the mean spike rates during the corresponding 250 ms periods directly before S1 (*before-S1 spike ratio*).

![Representation of sensorimotor associations in the spiking activity in early auditory cortex.\
(**A--B**) Spike rates of an example multiunit in auditory cortex to S1 and S2 in Task 1 (**A**) and Task 2 (**B**). Orange and blue traces represent spike rates to tones of 3 kHz and of 1 kHz, respectively. Each trace shows the spike rate averaged across trials from 250 ms before tone onset to 50 ms after tone offset. The open bars on the abscissae mark the timing and the 200 ms duration of the tones. The horizontal lines represent a spike rate of 20 spikes/s. Note that the ordinates have logarithmic scaling. The sensorimotor associations of S1s and S2s are also provided. (**C**) Larger spike responses to S1-no-go than to S1-uncertain when the frequency of the tones was 3 kHz. (i) Cumulative distribution of during-S1 (green) and before-S1 (black) spike ratios for all 298 multiunits recorded from the two monkeys. During-S1 spike ratios were the ratios of the mean spike rates during S1-no-go in Task 2 to the mean spike rates during S1-uncertain in Task 1. Before-S1 spike ratios were the ratios computed from the mean spike rates during the corresponding periods directly before the S1s. Ratios significantly different from 1 are marked by dots, and the proportions of multiunits with such ratios are provided. The horizontal dashed line marks the cumulative probability of 0.5 and the vertical dashed line the ratio of 1. (ii) Larger during-S1 spike ratios than before-S1 spike ratios. The analysis was limited to the 124 multiunits having significant during-S1 spike ratios (green dots in panel i). The open dots mark multiunits with significant during-S1 ratios only and the filled dots mark multiunits with significant during-S1 and before-S1 ratios. The proportion of multiunits with significant during-S1 and before-S1 ratios is provided. The diagonal marks cases where the two ratios were equal. Note that the axes have logarithmic scaling. (iii) Larger during-S1 spike ratios during task performance than in the passive condition. This comparison was limited to the 63 multiunits that exhibited significant during-S1 spike ratios during task performance and that were tested also in the passive condition. The open dots mark multiunits with significant ratios during task performance only and the filled dots mark those with significant ratios both during task performance and in the passive condition. Other conventions are equivalent to those of panel Cii. (**D**) Larger spike responses to S2-no-go than to S2-go when the frequency of the tones was 3 kHz. The organization of the panel and other conventions are equivalent to those of panel C. During-S2 spike ratios were the ratios of the mean spike rates during S2-no-go in Task 2 to the mean spike rates during S2-go in Task 1. Before-S2 spike ratios were the ratios computed from the mean spike rates during the corresponding periods directly before the S2s. (**E**) The average normalized spike rates to S1-no-go (orange trace) and S1-uncertain (purple trace) of the 124 multiunits with significant during-S1 spike ratios for the 3 kHz tone, shown from 50 ms before S1 onset to 800 ms after S1 offset. They were obtained by geometrically averaging the spike rates after normalizing each rate to baseline (the mean spike rate during the 250 ms period directly before S1). Note the logarithmic scaling of the ordinate. The stars above the traces mark a significant difference (p\<0.05) between the two traces. (**F**) The average normalized spike rates to S2-no-go (orange trace) and to S2-go (purple trace) of the 108 multiunits with significant during-S2 spike ratios for the 3 kHz tone. Other conventions are equivalent to those of panel E.](elife-43281-fig2){#fig2}

[Figure 2Ci](#fig2){ref-type="fig"} shows the during-S1 spike ratios for all 298 multiunits for trials where S1 was 3 kHz and where the two monkeys correctly performed the two tasks (green curve). These ratios ranged from 0.38 to 2.78, with a median of 1.09 which was significantly \>1 (p\<0.05, Wilcoxon signed rank test). Ratios significantly different from 1 (that is \>1 or \<1; green dots) were obtained for 124 of the 298 multiunits (41.6%; 95 of the 226 multiunits \[42.0%\] for monkey C and 29 of the 72 multiunits \[40.3%\] for monkey L), with the majority of these ratios being \>1 (81.5%). The occurrence of significant during-S1 spike ratios was related to the distance between the best frequencies of the multiunits and the frequency of the tested tone (for determination of best frequency, see Materials and methods). Significant during-S1 spike ratios occurred more frequently in the 35 multiunits with a best frequency within a range of ±0.5 octaves around 3 kHz than in the other 263 multiunits (57.1% vs. 39.5%; p\<0.05, chi-square test). Significant during-S1 spike ratios were also found in the single units isolated from the multiunit recordings, although with lower incidence (20.8% of 144 single units for trials where S1 was 3 kHz; green dots in [Figure 2---figure supplement 2A](#fig2s2){ref-type="fig"}, top).

The following analyses suggest that the observed differences in the spike responses to the same S1 between Task 1 and Task 2 were at least partially related to whether S1 could signal the required motor response or not, because they could not fully be accounted for by the differences in the visual cue or in the acoustic context. To assess potential differences in tonic neuronal activity related to the visual cue between the two tasks and to estimate their contributions to the differences in the spike responses to S1, we analyzed the before-S1 spike ratios. This analysis revealed that the spike rates before S1 could indeed differ between the two tasks (black curve in [Figure 2Ci](#fig2){ref-type="fig"} for trials where S1 was 3 kHz). However, the median of the distribution was 0.97, which was not significantly different from 1 (p\>0.05, Wilcoxon signed rank test). Also, significant before-S1 spike ratios (black dots) were observed less frequently than significant during-S1 spike ratios (88 of 298, 29.5% versus 124 of 298, 41.6%; p\<0.05, chi-square test, one-tailed), and significant before-S1 spike ratios \>1 were not overrepresented (33 of 88, 37.5%). For the multiunits having significant during-S1 spike ratios, the during-S1 spike ratios were generally larger than the corresponding before-S1 spike ratios ([Figure 2Cii](#fig2){ref-type="fig"}), and for only a minority of these multiunits were the before-S1 spike ratios also significant (47 of 124, 37.9%; filled dots) while for the majority they were not (77 of 124, 62.1%; open dots). These results show that differences in spike rate related to the visual cue between the two tasks could account for significant during-S1 spike ratios in only maximally 37.9% of the cases. These results also indicate that the significant during-S1 spike ratios could not simply be explained by spontaneous fluctuations in spike rate between the tasks that were performed in separate blocks.

To estimate potential contributions of the difference in the acoustic context to the differences in the spike responses to S1 between the two tasks, we analyzed the during-S1 spike ratios from the two corresponding passive conditions where the probabilities of the 3 kHz and the 1 kHz tones were the same as in the tasks. For the 3 kHz tone, this analysis was performed on 473 multiunits. Significant during-S1 spike ratios occurred less frequently in the passive condition than during task performance (19.2% vs. 41.6%; p\<0.05, chi-square test, one-tailed). Sixty-three of the 124 multiunits having significant during-S1 spike ratios during task performance were also tested in the passive condition and generally had smaller during-S1 spike ratios in the passive condition ([Figure 2Ciii](#fig2){ref-type="fig"}). Only a minority had significant during-S1 spike ratios also in the passive condition (11 of 63, 17.5%; filled dots) while the majority did not (52 of 63, 82.5%; open dots). This indicates that 17.5% of the significant during-S1 spike ratios during task performance might be explained by the difference in the acoustic context between the two tasks (i.e., by task-independent stimulus-specific adaptation).

Further support for the suggestion that the significant during-S1 spike ratios during task performance were not solely due to the difference in the acoustic context was obtained by comparing during-S1 spike ratios from experimental sessions having different probabilities of the 3 kHz and the 1 kHz tones. The median probability of the 3 kHz tone across all sessions was 0.73 in Task 1 and 0.27 in Task 2. Task-independent stimulus-specific adaptation might therefore cause weaker spike responses to the 3 kHz tone in Task 1, resulting in during-S1 spike ratios predominantly \>1. If such stimulus-specific adaptation were the only mechanism, then during-S1 spike ratios should be larger when computed from the subset of the sessions where the ratio of the probabilities of the 3 kHz tone in Task 1 and Task 2 was greater than the median ratio of 2.70 (0.73/0.27) than when computed from the subset of the sessions where that ratio was smaller than the median ratio. This however was not the case. The proportion of multiunits with significant during-S1 spike ratios \>1 did not differ between these two subsets of sessions in the direction predicted from stimulus-specific adaptation ([Figure 2---figure supplement 3A](#fig2s3){ref-type="fig"}, top left).

These analyses enable a conservative estimate of the percentage of multiunits in early auditory cortex that represent sensorimotor associations. Because 37.9% of the significant during-S1 spike ratios during task performance might be explained by the difference in the visual cue and 17.5% by the difference in the acoustic context, the remainder (55 of 124; 44.4%) provides the minimum percentage of significant during-S1 spike ratios that were due to the difference with respect to whether S1 could signal the required motor response or not. Overall, therefore, at least 18.5% of the multiunits (55/298) in early auditory cortex represent sensorimotor associations of S1.

To examine when the spike rates to S1-no-go and S1-uncertain differed, we geometrically averaged the spike rates, computed over consecutive 10 ms bins, across multiunits with significant during-S1 spike ratios during task performance. The averaging was conducted after normalizing each rate to the mean spike rate during the 250 ms period directly before S1. The normalization corrected for differences in the spiking activity before S1 between the two tasks. The average normalized spike rates to S1-no-go and S1-uncertain started to differ \~70 ms after tone onset, persisted throughout the tone, and disappeared shortly after tone offset ([Figure 2E](#fig2){ref-type="fig"}, compare orange and purple traces). Differences in the average normalized spike rates reappeared after S1 offset but were of opposite sign and small, suggesting that they might be related to other aspects of the tasks. For example, the differences during the delay after S1 could be related to differences in working memory load ([@bib25]).

Representation of sensorimotor associations in auditory cortex revealed by comparing spike responses to S2 {#s2-3}
----------------------------------------------------------------------------------------------------------

Analysis of the spike responses to S2 provides further support for the idea that neurons in early auditory cortex represent sensorimotor associations because it shows that the spike responses depended on whether S2 signaled the go response or the no-go response. For example, for the 3 kHz tone, the multiunit in [Figure 2A and 2B](#fig2){ref-type="fig"} exhibited a higher spike rate to S2-no-go in Task 2 ([Figure 2Biv](#fig2){ref-type="fig"}, orange trace) than to S2-go in Task 1 ([Figure 2Aii](#fig2){ref-type="fig"}, orange trace). To quantify this difference in the spike responses, we computed the ratio of the mean spike rate during S2-no-go to the mean spike rate during S2-go (*during-S2 spike ratio*). A ratio \>1 therefore represents a higher spike rate during S2-no-go than during S2-go. The mean spike rates were computed over a 250 ms period starting with S2 onset and ending 50 ms after S2 offset. The permutation test revealed that the during-S2 spike ratio for this multiunit was 1.33, which was significantly \>1 (p\<0.05). This was not the case for the *before-S2 spike ratio* computed from the mean spike rates during the corresponding 250 ms periods directly before S2.

During-S2 spike ratios for the 3 kHz tone ([Figure 2Di](#fig2){ref-type="fig"}, green curve) ranged from 0.38 to 3.11, with a median of 1.13 which was significantly \>1 (p\<0.05, Wilcoxon signed rank test). Significant during-S2 spike ratios (green dots) were obtained for 108 of 294 multiunits (36.7%). The majority of these significant ratios were \>1 (80.6% of 108). Significant during-S2 spike ratios were also obtained for isolated single units, albeit with lower probability (11.1%; [Figure 2---figure supplement 2B](#fig2s2){ref-type="fig"}, top).

Using similar reasoning as for S1, the following observations indicate that some of the observed significant during-S2 spike ratios can only be explained by the difference in the motor response signaled by S2 but not by the difference in the visual cue or by the difference in the acoustic context. The latter included also the immediate stimulus history, because in S2-go trials, S1 had the same frequency as S2, but in S2-no-go trials, S1 and S2 had different frequencies. This difference in the immediate stimulus history could result in different degrees of forward suppression of the spike responses to S2 in the two tasks. To estimate the potential contributions of the difference in the visual cue to the difference in the spike responses between the two tasks, we analyzed the before-S2 spike ratios. Before-S2 spike ratios ([Figure 2Di](#fig2){ref-type="fig"}, black curve) ranged from 0.39 to 2.59, with a median of 0.98 which was not significantly different from 1 (p\>0.05, Wilcoxon signed rank test). Significant before-S2 spike ratios (black dots) were observed less frequently than significant during-S2 spike ratios (21.4% vs. 36.7%; p\<0.05, chi-square test, one-tailed; compare black and green dots in [Figure 2Di](#fig2){ref-type="fig"}), and significant before-S2 spike ratios \>1 were not overrepresented (42.9%; 27 of the 63 significant ratios). For the 108 multiunits having significant during-S2 spike ratios, these ratios were generally larger than the corresponding before-S2 spike ratios ([Figure 2Dii](#fig2){ref-type="fig"}), and for only a minority of these multiunits were the before-S2 spike ratios also significant (33 of 108, 30.6%; filled dots). These results indicate that the difference in the visual cue between the two tasks could account for significant during-S2 spike ratios in maximally 30.6% of the cases.

To estimate the potential contributions of the difference in the acoustic context to the difference in the spike responses to S2 between the two tasks, we analyzed the during-S2 spike ratios from the corresponding two passive conditions. For the 3 kHz tone, significant during-S2 spike ratios occurred less frequently in the passive condition than during task performance (13.1% vs. 36.7%; p\<0.05, chi-square test, one-tailed). Forty-eight of the 108 multiunits having significant during-S2 spike ratios during task performance were also tested in the passive condition. These multiunits exhibited generally smaller during-S2 spike ratios in the passive condition than during task performance ([Figure 2Diii](#fig2){ref-type="fig"}), and only a minority of them exhibited significant during-S2 spike ratios also in the passive condition (5 of 48, 10.4%; filled dots). This indicates that only 10.4% of the significant during-S2 spike ratios during task performance could be explained by the difference in the acoustic context between the two tasks (i.e., by task-independent stimulus-specific adaptation or forward suppression). We also computed during-S2 spike ratios from the two subsets of experimental sessions where the ratio of the probabilities of the 3 kHz tone in Task 1 and Task 2 was greater than the median ratio and where it was smaller than the median ratio. The proportion of multiunits with significant during-S2 spike ratios \>1 hardly differed between the two subsets of sessions ([Figure 2---figure supplement 3A](#fig2s3){ref-type="fig"}, top right). These findings support the idea that the significant during-S2 spike ratios during task performance were not solely caused by the difference in the acoustic context between the two tasks.

We conclude that, during task performance, the significant during-S2 spike ratios from at least 64 of the 108 multiunits (59%) were due to the difference in the sensorimotor association of S2 (no-go versus go). Therefore, \~20% of the multiunits recorded in auditory cortex (64/294) represented sensorimotor associations of S2.

Similar to S1, the normalized spike rates to S2-go and S2-no-go, geometrically averaged across multiunits with significant during-S2 spike ratios, started to differ shortly after tone onset, persisted throughout the tone, and disappeared shortly after tone offset ([Figure 2F](#fig2){ref-type="fig"}, compare purple and orange traces). Differences in the average normalized spike rates reappeared after S2 offset but were of opposite sign. The differences in the spike rates after S2 offset were partly related to the fact that the monkeys released the bar after S2-go but held on to the bar after S2-no-go. [Figure 2---figure supplement 4A](#fig2s4){ref-type="fig"} shows the average normalized spike rates with reference to the time of bar release executed after S2-go, revealing that spike rates in auditory cortex increased and peaked shortly (\~200 ms) before the bar release. The increase started more than 250 ms before bar release and therefore may have affected the differences in spike rates during the 250 ms period after tone onset between S2-go and S2-no-go, but would have decreased the chance of observing neuronal activity related to sensorimotor associations in auditory cortex.

We obtained additional support for the conclusion that auditory cortex represents sensorimotor associations by comparing the spike response to S2-nil in one task with the spike responses to S2-go and S2-no-go in the other task. Analyses similar to those described above revealed that multiunits generally responded more strongly to S2-no-go than to S2-nil, with a median spike ratio of 1.10 which was significantly \>1 (p\<0.05, Wilcoxon signed rank test; orange curve in [Figure 2---figure supplement 5A](#fig2s5){ref-type="fig"}; for an example multiunit, compare the orange traces in [Figure 2Biv](#fig2){ref-type="fig"} and [Figure 2Aiv](#fig2){ref-type="fig"}). However, there was no differences in the spike responses to S2-go and S2-nil: the median spike ratio was 1.00, not significantly different from 1 (p\>0.05, Wilcoxon signed rank test; purple curve in [Figure 2---figure supplement 5A](#fig2s5){ref-type="fig"}; for an example multiunit, compare the orange traces in [Figure 2Aii](#fig2){ref-type="fig"} and [Figure 2Bii](#fig2){ref-type="fig"}). This makes an explanation in terms of differences in the level of attention between S2-no-go and S2-nil unlikely because S2-go and S2-no-go should require a similar level of attention. It has been shown that neuronal activity in auditory cortex varies with the level of attention for other behavioral tasks (e.g., [@bib19]).

Spike responses were strongest to tones that signaled the no-go response {#s2-4}
------------------------------------------------------------------------

In previous sections, we found that the spike response to a given tone in a given position was stronger when the tone signaled that the no-go response was required in a trial relative to when it did not do this, that is the spike response was stronger to S1-no-go than to S1-uncertain, and stronger to S2-no-go than to S2-go and to S2-nil. Here, we asked whether the spike responses to the two no-go tones were also stronger than the responses to the other tones, irrespective of their positions in the sequences. The comparisons were limited to the subpopulation of multiunits that had either significant during-S1 spike ratios or significant during-S2 spike ratios or both. Because we were interested in the relative strength of the spike responses in different conditions and because spiking activity in auditory cortex could change between conditions before tone presentation, we compared the normalized spike responses, that is the mean spike rate during the 250 ms period after tone onset normalized to the mean spike rate during the 250 ms period directly before the tone.

[Figure 3A](#fig3){ref-type="fig"} shows the normalized spike responses to the 3 kHz tone in each of the six conditions for 151 multiunits. The normalized spike responses to S2-no-go were significantly stronger than those to S1-uncertain, S2-go and the two S2-nils and the normalized spike responses to S1-no-go were significantly stronger than those to S1-uncertain, S2-go, and the two S2-nils (p\<0.05/4, each corrected for multiple pairwise comparisons, Wilcoxon signed rank test; compare orange and purple curves; for detailed p values, see [Figure 3---source data 1](#fig3sdata1){ref-type="supplementary-material"}). The corresponding differences in the normalized spike responses in the passive condition were smaller ([Figure 3---figure supplement 2A](#fig3s2){ref-type="fig"}). These results corroborate our earlier conclusion that the differences in the normalized spike responses during task performance cannot be fully explained by task-independent stimulus-specific adaptation or forward suppression of the spike responses. These findings show that the spike response to a given tone in auditory cortex was strongest when the tone, irrespective of whether it was presented as S1 or as S2, signaled that the no-go response was required in a trial to obtain a reward. In addition, our finding that the spike responses to S1 and S2 in the same trial differed during task performance (i.e., S1-no-go vs. S2-nil; [Figure 3A](#fig3){ref-type="fig"}) but not in the passive condition ([Figure 3---figure supplement 2A](#fig3s2){ref-type="fig"}) indicates that the spike response to a given tone can change rapidly, on a time scale of one second, depending on the required motor response signaled by the tone.

![Neuronal responses were strongest to tones that signaled the no-go response.\
Cumulative distributions of the normalized neuronal responses to the 3 kHz tone in the six conditions (different sensorimotor associations and positions) for spiking activity (**A**) and local field potentials (**B**). For each tone, the normalized neuronal response was calculated as the mean activity during the 250 ms period after tone onset, normalized to the mean activity during the 250 ms period directly before the tone.\
10.7554/eLife.43281.013Figure 3---source data 1.P values of statistical comparisons of the median spike responses to the tones.The table shows the p value of each comparison.\
10.7554/eLife.43281.014Figure 3---source data 2.P values of statistical comparisons of the median local field potential responses to the tones.Conventions are equivalent to those of [Figure 3---source data 1](#fig3sdata1){ref-type="supplementary-material"}.](elife-43281-fig3){#fig3}

Representation of sensorimotor associations in auditory cortex is related to behavioral performance {#s2-5}
---------------------------------------------------------------------------------------------------

So far, we have analyzed spike responses only from trials where the monkeys performed the tasks correctly and shown that neurons in auditory cortex represent sensorimotor associations. This restriction, however, does not allow us to examine whether such representations are related to an animal's performance. Addressing this issue might provide insights into the importance of such representations for behavior. We therefore analyzed spike responses from trials where the monkeys performed the tasks incorrectly. We focused on *false-alarm trials* where the monkeys made the go response instead of the required no-go response. We computed the normalized spike responses in false-alarm trials and compared them with the responses in correct trials. These analyses were limited to the multiunits with significant spike ratios during tone presentation in correct trials (e.g., green dots in [Figure 2Ci and 2Di](#fig2){ref-type="fig"}) and whose responses were recorded during at least five false-alarm trials.

For S1, we compared the normalized spike responses to S1-no-go in false-alarm trials with the responses to S1-no-go in correct trials, by computing for each multiunit a ratio between the two responses. For S2, we compared the normalized spike responses to S2-no-go in false-alarm trials with the responses to S2-no-go in correct trials as well as with the responses to S2-go in correct trials, also by computing the corresponding response ratios for each multiunit. For both S1 and S2, ratios obtained for the 3 kHz and the 1 kHz tones were pooled to increase statistical power because the numbers of multiunits available for individual tones were small. This was due to the fact that the probability of false alarms was relatively low (varying across sessions from 0 to 0.35 with a median of 0.16 for the sequences with S1-no-go and from 0 to 0.33 with a median of 0.05 for the sequences with S2-no-go).

For both S1 and S2, the normalized spike responses differed between false-alarm trials and correct trials. [Figure 4A](#fig4){ref-type="fig"} shows the distribution of the ratios across all 168 comparisons for S1. The responses to S1-no-go in false-alarm trials were smaller than the responses to S1-no-go in correct trials, reflected in the fact that the median of the corresponding response ratios was 0.92, which was significantly \<1 (p\<0.05, Wilcoxon signed rank test). Similar results were obtained for the 51 comparisons for S2 such that the responses to S2-no-go in false-alarm trials were smaller than the responses to S2-no-go in correct trials ([Figure 4C](#fig4){ref-type="fig"}; black curve; median of 0.71; p\<0.05, Wilcoxon signed rank test). In contrast, the responses to S2-no-go in false-alarm trials were not significantly different from the responses to S2-go in correct trials (gray curve; median of 0.95; p\>0.05, Wilcoxon signed rank test). These analyses show that spike responses to tones that signaled the no-go response in a trial were related to the monkeys' behavior.

![Neuronal responses are related to the behavioral performance of monkeys.\
Cumulative distributions of the ratios computed between the normalized responses to a given tone in false-alarm trials and in correct trials. For both S1 and S2, ratios were computed between the no-go tone in false-alarm trials and in correct trials (black curves). For S2, ratios were also computed between the no-go tone in false-alarm trials and the go tone in correct trials (gray curves). Results obtained from the 3 kHz and 1 kHz tone were pooled.](elife-43281-fig4){#fig4}

Representation of sensorimotor associations in the local field potentials in auditory cortex {#s2-6}
--------------------------------------------------------------------------------------------

Analysis of the local field potentials (LFPs), which were recorded simultaneously with the spiking activity, revealed that sensorimotor associations are represented also in the activity of neuronal populations in early auditory cortex. [Figure 5A and 5B](#fig5){ref-type="fig"} show the LFPs at an example site while the monkey correctly performed Task 1 and Task 2. For the 3 kHz tone, the potential evoked by S1-uncertain differed from that evoked by S1-no-go (compare orange traces in [Figure 5Ai and 5Bi](#fig5){ref-type="fig"}). Also, the potential evoked by S2-go differed from that evoked by S2-no-go (compare orange traces in [Figure 5Aii and 5Biv](#fig5){ref-type="fig"}). The differences were most pronounced during the second negative deflection of the evoked potential. To quantify these differences during the full duration of the evoked potential, we calculated the root-mean-square value of the LFP (RMS-LFP) from 0 to 500 ms after tone onset. Analogous to the analysis of the spiking activity, we then calculated the ratio of the RMS-LFP during S1-no-go to that during S1-uncertain (during-*S1 LFP ratio*) and the ratio of the RMS-LFP during S2-no-go to that during S2-go (during-*S2 LFP ratio*). For this site, both during-S1 and during-S2 LFP ratios were significantly \>1 (p\<0.05, permutation test). This was not the case for the LFP ratios computed from the corresponding 500 ms periods directly before S1 (*before-S1 LFP ratio*) or directly before S2 (*before-S2 LFP ratio*).

![Representation of sensorimotor associations in the local field potentials in early auditory cortex.\
(**A, B**) The averaged local field potentials (LFPs) for an example site in auditory cortex of monkey L while she correctly performed Task 1 (**A**) and Task 2 (**B**). The horizontal lines represent an amplitude of 0 mV. Note that the ordinates in panels A and B have linear scaling. The organization of the figure and other conventions are equivalent to those of [Figure 2](#fig2){ref-type="fig"}.](elife-43281-fig5){#fig5}

For the 3 kHz tone, we obtained significant during-S1 LFP ratios at 264 of 401 studied sites (green dots in [Figure 5Ci](#fig5){ref-type="fig"}) and significant during-S2 LFP ratios at 145 sites (green dots in [Figure 5Di](#fig5){ref-type="fig"}), with the vast majorities of these ratios being \>1. By analyzing before-S1 and before-S2 LFP ratios (black curves and dots in [Figure 5Ci and 5Di](#fig5){ref-type="fig"}), we estimated that \~20% of the significant during-S1 and during-S2 LFP ratios could have been caused by the difference in the visual cue (filled dots in [Figure 5Cii and 5Dii](#fig5){ref-type="fig"}). By analyzing during-S1 and during-S2 LFP ratios in the passive condition, we estimated that \~10% of the significant during-S1 and during-S2 LFP ratios obtained during task performance could have been caused by the differences in the acoustic context (filled dots in [Figure 5Ciii and 5Diii](#fig5){ref-type="fig"}). Furthermore, during task performance, the proportion of sites having significant during-S1 LFP ratios \>1 or during-S2 LFP ratios \>1 did not consistently vary with the difference in the tone probability in the direction expected from task-independent stimulus-specific adaptation of the neuronal responses ([Figure 2---figure supplement 3B](#fig2s3){ref-type="fig"}), providing additional support that these significant LFP ratios were not solely due to the difference in the acoustic context between the two tasks. Thus, about 70% of the significant during-S1 LFP ratios (45.0% of all 401 sites) and 70% of the significant during-S2 LFP ratios (23.6% of all 401 sites) were considered to be due to differences in the sensorimotor associations.

We also computed the average normalized LFPs for the subpopulations of sites with significant during-S1 or during-S2 LFP ratios ([Figure 5E and 5F](#fig5){ref-type="fig"}; for details of the calculation of the average normalized LFPs, see Materials and methods). In addition, for the subpopulation of sites that exhibited either significant during-S1 LFP ratios or significant during-S2 LFP ratios or both, we compared the normalized LFP to the same tone when it was presented as S1-no-go, S1-uncertain, S2-no-go, S2-go or S2-nil. We found that the LFPs represented sensorimotor associations in a way similar to the spike rates: (1) the average normalized LFPs for S1-no-go and S1-uncertain and for S2-no-go and S2-go started to differ shortly after the beginning of the early part of the response and continued throughout the late part of the response ([Figure 5E and 5F](#fig5){ref-type="fig"}); (2) the normalized LFP to a given tone was strongest when the tone, irrespective of whether it was presented as S1 or as S2, signaled that the no-go response was required in a trial ([Figure 3B](#fig3){ref-type="fig"}; p\<0.05/4, each corrected for multiple pairwise comparisons, Wilcoxon signed rank test; for detailed p values, see [Figure 3---source data 2](#fig3sdata2){ref-type="supplementary-material"}); (3) the normalized LFP to a given tone could change rapidly within a trial on a time scale of about one second depending on its sensorimotor associations, with the LFP being stronger when it was S1-no-go than when it was S2-nil (p\<0.05/4; [Figure 3B](#fig3){ref-type="fig"}); (4) the normalized LFP to the tone that signaled the no-go response depended on the monkeys' behavior ([Figure 4B and 4D](#fig4){ref-type="fig"}). Compared to the average normalized spike rates [Figure 2E and 2F](#fig2){ref-type="fig"}, the average normalized LFPs for S1-no-go and S1-uncertain and for S2-no-go and S2-go started to differ later, the differences peaked later (\~250 ms) after tone onset and ended later, but differently for S1 and S2 ([Figure 5E and 5F](#fig5){ref-type="fig"}). We refrained from quantitatively comparing the temporal relationships between the spike activity and LFPs because LFPs reflect the activity of large neuronal populations and because a longer time interval was used to identify the sites with significant LFP ratios. Because of the use of a 500 ms time interval, the identification of significant during-S2 LFP ratios could be compromised by neuronal activity related to the bar release after S2-go (purple trace in [Figure 5F](#fig5){ref-type="fig"}, \~400 ms after the onset of S2-go; [Figure 5---figure supplement 1A](#fig5s1){ref-type="fig"}).

Discussion {#s3}
==========

We have shown here that early auditory cortex of nonhuman primates represents sensorimotor associations. Changes of sensorimotor associations were paralleled by changes of spike responses and LFP responses to tones, and the neuronal responses to a given tone were largest when the tone signaled that the no-go response was required in a trial to obtain a reward. These changes of the neuronal responses were observed shortly after the beginning of the tone-evoked responses.

Separation of sensorimotor associations from other task components {#s3-1}
------------------------------------------------------------------

We investigated whether auditory cortex represents sensorimotor associations by comparing neuronal activity in two tasks which differed with respect to the motor response that was signaled by a given tone. Because the tasks differed also in other aspects that could affect neuronal activity in auditory cortex, we used several approaches to estimate the potential contributions of these confounds to the differences in neuronal activity between the tasks and to show that neuronal activity in auditory cortex is related to sensorimotor associations. These confounds were the visual cue, the acoustic context, the motor response required and executed after the tone, and the level of attention. Because none of these potential confounds could fully account for the differences in the neuronal activity between the two tasks, our study demonstrates that auditory cortex represents sensorimotor associations. Previous studies that investigated this issue did not control for or estimate potential contributions of various confounds such as the cue ([@bib48]), the acoustic context ([@bib27]) or the valence of sounds ([@bib15]). The latter confound was not present in our study due to the symmetrical reward, that is the monkeys received the same reward for correct go responses and correct no-go responses.

Characteristics of the representation of sensorimotor associations in auditory cortex {#s3-2}
-------------------------------------------------------------------------------------

Cortical representations of sensorimotor associations are commonly studied by comparing the neuronal responses to a given stimulus when it signals different motor responses in different tasks (e.g., [@bib1]; [@bib15]; [@bib27]; [@bib40]; [@bib39]; [@bib48]). Here, we modified this approach and used sequences of two stimuli instead of a single stimulus. This was done to introduce more than two sensorimotor associations for the same stimulus in the same task and to introduce different sensorimotor associations for a given stimulus depending on its position in a sequence (see [Figure 1C and 1D](#fig1){ref-type="fig"}). We found that the neuronal responses in auditory cortex differed depending on whether a tone could resolve the uncertainty regarding the required motor response and thus could signal the motor response (S1-no-go) or not (S1-uncertain); they also differed depending on whether a tone signaled the go response (S2-go) or the no-go response (S2-no-go) to obtain a reward or signaled the reward value of a given motor response. In our study, the response differences to the S1s and to the S2s may not be fully independent, because S1-no-go not only resolved the uncertainty regarding the required motor response but also signaled that the no-go response was required in a trial and because the neuronal responses were always largest to the no-go tone, whether S1 or S2 ([Figure 3](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). The observation that the neuronal responses to the no-go tone were largest shows that neurons in auditory cortex respond differently to a given tone when it is repeated in a trial but the sensorimotor association differs, for example to S1-no-go and to S2-nil in the same sequence ([Figure 1C](#fig1){ref-type="fig"}, bottom; [Figure 1D](#fig1){ref-type="fig"}, top). Therefore, the responses of neurons in auditory cortex can rapidly change with the required motor response signaled by the tone, that is with the behavioral meaning of the tone.

The existence of a relationship between neuronal responses and behavioral meaning is further supported by our observation that neuronal responses in false-alarm trials were similar to responses in correct go trials ([Figure 4](#fig4){ref-type="fig"}). Therefore, the neuronal responses in auditory cortex did not reflect what the monkeys should have done, but rather reflected what the monkeys actually did. Our study thus provides further support that neuronal activity in auditory cortex can be related to an animal's behavior (e.g., [@bib5]; [@bib35]; [@bib43]; [@bib46]).

We demonstrated that sensorimotor associations were represented in auditory cortex in specific time periods, that is within the 250 ms period after tone onset for the spiking activity and within the 500 ms period for the LFPs. It is possible that sensorimotor associations were also present in auditory cortex during other periods in a trial, that is before S1, during the delay before S2, and after S2. For both S1 and S2, sensorimotor associations may already be present in auditory cortex before tone presentation, because the monkeys needed to know the task rules, that is which motor response to perform after which tone sequence, to select the appropriate motor response. After S2, sensorimotor associations were needed at least until the moment when they were converted into actual motor signals. During each of these three periods, we observed differences in the neuronal activity between the two tasks (e.g., [Figures 2](#fig2){ref-type="fig"} and [5](#fig5){ref-type="fig"}; also see [@bib25]), but our experimental design was not optimized to control for potentials confounds and to clarify whether these differences in the neuronal activity were related to sensorimotor associations.

How does the representation of sensorimotor associations in auditory cortex emerge? {#s3-3}
-----------------------------------------------------------------------------------

For both S1 and S2, changes of sensorimotor associations were paralleled by changes of the tone-evoked neuronal responses shortly after the beginning of the responses ([Figure 2E and 2F](#fig2){ref-type="fig"}). This suggests that the auditory system contributes to the association of a tone with a motor response. To accomplish this, the activity in the auditory system must change in a task-specific way based on the knowledge about the required sensorimotor associations. Such knowledge could be acquired and stored in long-term memory during the training stages and retrieved for use in working memory during task performance. The task-specific changes of the neuronal activity in auditory cortex may result in an enhanced contrast of the neuronal responses to the tones having different meanings in the two tasks, for example by increasing the neuronal responses to a no-go tone. Such changes may arise from task- and meaning-specific changes of stimulus-specific adaptation, forward suppression, or receptive field properties of neurons in auditory cortex or in earlier stages of the auditory system ([@bib2]; [@bib22]; [@bib23]; [@bib33]). These changes may be mediated by sub-cortical neuromodulator systems, for example cholinergic and dopaminergic nuclei ([@bib3]; [@bib26]), or by higher-order associative systems, for example prefrontal cortex ([@bib21]; [@bib52]; [@bib53]).

Role of auditory cortex in the selection of motor responses {#s3-4}
-----------------------------------------------------------

The results of our study suggest that early auditory cortex may contribute to the selection of appropriate motor responses to auditory stimuli. Therefore, early auditory cortex appears to be involved in a function that traditionally has been associated with parietal, frontal, and prefrontal cortices ([@bib1]; [@bib18]; [@bib29]; [@bib40]; [@bib39]; [@bib49]; [@bib54]). Our results thus point to a possible communication between auditory cortex and association cortices ([@bib44]). Such communication may contribute to the selection of appropriate motor responses to auditory stimuli. It is conceivable that neuronal representations of sensorimotor associations in auditory cortex exist not only for the tasks used here but also for other tasks, such as reacting to the honking of a car in the middle of a crosswalk. It is also conceivable that sensorimotor associations are represented in other sensory cortices for other stimuli, for example in visual cortex for visual stimuli or in somatosensory cortex for tactile stimuli. It has been shown that neuronal activity in visual and somatosensory cortices can be affected by reinforcement ([@bib4]; [@bib32]; [@bib36]; [@bib45]) which plays crucial roles in shaping sensorimotor associations.

We observed that the responses of neurons in auditory cortex to tones were enhanced when the tones signaled that the no-go response was required in a trial or, phrased differently, that the go response was not required. This observation might point to a role of auditory cortex in inhibitory control, a process that permits individuals to inhibit their natural or dominant motor response in order to select a response that is consistent with completing their current goals ([@bib14]; [@bib16]). In our study, inhibitory control may have been required for the go response which the monkeys had to execute more frequently so that was the dominant motor response. Our results therefore extend the knowledge about the neuronal basis of inhibitory control, which has been obtained mainly by conducting studies in frontal and prefrontal regions (e.g., [@bib24]; [@bib30]; [@bib39]).

In conclusion, our findings add to other non-auditory functions of auditory cortex, such as representing non-auditory stimuli, motor behavior, and motivational aspects of tasks ([@bib6]; [@bib10]; [@bib11]; [@bib17]; [@bib35]) and temporarily storing task-relevant information ([@bib25]). These functions may be crucial for auditory cortex to integrate diverse task-relevant information to adapt to task demands and thus to serve as a semantic processer ([@bib42]) or a problem solver ([@bib50]), ultimately contributing to the selection and preparation of appropriate motor responses to achieve a given goal in different situations.

Materials and methods {#s4}
=====================

Materials and methods were largely identical to those described earlier ([@bib25]). The experiments were approved by the authority for animal care and ethics of the federal state of Saxony-Anhalt (No. 28-42502-2-1129IfN), and conformed to the rules for animal experimentation of the European Community Council Directive (86/609/EEC).

Behavioral paradigms {#s4-1}
--------------------

Two monkeys (C and L; Macaca fascicularis) performed two tasks on a set of four two-tone sequences within the same experimental sessions. Each trial started with the illumination of a light-emitting diode (LED), which signaled that the monkey had to grasp a bar within 4 s and to hold it subsequently ([Figure 1A](#fig1){ref-type="fig"}). One to two seconds after the monkey had grasped the bar, two tones (S1 and S2) were presented bilaterally through loudspeakers (Karat 720), located to the monkey's left and right. The sound pressure level of each tone was 67 dB SPL and the duration was 200 ms. The stimulus-onset interval was 1000 ms, resulting in a delay of 800 ms between the offset of S1 and the onset of S2. The frequency of each tone was either 3 kHz or 1 kHz. When the go response was required in a trial, monkey L had to release the bar within 40--1160 ms after the offset of S2 and monkey C within 40--1760 ms. When the no-go response was required, the monkeys had to continue holding the bar until the end of these time windows. Upon correct go responses and correct no-go responses, the monkeys were rewarded with a small amount of water (0.2--0.3 ml) and the LED was turned off. The next trial started if the monkeys had not touched the bar for at least 5 s. The monkeys performed the tasks using their left hand.

For Task 1, the monkeys had to make the go response when both S1 and S2 had a frequency of 3 kHz (3--3) and the no-go response for the other three sequences (3--1, 1--3, and 1--1; [Figure 1B](#fig1){ref-type="fig"}). For Task 2, the monkeys had to make the go response when both S1 and S2 had a frequency of 1 kHz (1--1) and the no-go response for the other three sequences (1--3, 3--1, and 3--3). In each experimental session, the monkeys performed the two tasks in separate, alternating blocks of \~140 trials (2--8 blocks, with a median of 4). The order of the blocks was randomized within each session, except that the starting task was counterbalanced across sessions. In each block, trials requiring the go response or the no-go response were presented in pseudorandom order, with the go response required in \~60% of the trials and the no-go response required in \~40% of the trials. The actual percentages of go trials and no-go trials varied across blocks. A green LED to the monkey's right signaled that Task 1 had to be performed, and a red LED to the monkey's left signaled that Task 2 had to be performed.

The two monkeys were initially trained to grasp, hold, and then release the bar to obtain a reward. Using four major steps, the monkeys were then trained to perform Task 1 and Task 2 in the same session. In the first step, the monkeys learned to make the required motor response to each of the four sequences in each of the two tasks on separate days, that is in separate training sessions. In the second step, the monkeys were trained to perform Task 1 on the 3--3 and 3--1 sequences and to perform Task 2 on the 1--1 and 1--3 sequences. The monkeys were trained on the two tasks in separate blocks on the same days for most of the time or on alternating days otherwise. For each task, and at the beginning of the training session, the sequences requiring the go response and the no-go response were presented in separate, alternating blocks of \~50 trials. Subsequently, the block size was gradually decreased until the sequences were ultimately presented in pseudorandom order. After the monkeys had performed the two tasks correctly in ≥75% of the trials for each sequence on five consecutive days, they were trained, in the third step, to perform Task 1 on the 3--3, 3--1, and 1--3 sequences and to perform Task 2 on the 1--1, 1--3, and 3--1 sequences on the same day. In the final step, the monkeys were trained to perform both Task 1 and Task 2 on all four sequences (3--3, 3--1, 1--3, and 1--1). The training strategies for the third and the fourth step were similar to those for the second step. After \~300 training sessions for each monkey, they performed both tasks correctly in ≥65% of the trials for each of the four sequences during ten consecutive sessions.

Passive paradigms {#s4-2}
-----------------

In the passive condition, the same set of tone sequences was presented in blocks when the monkeys did not perform the tasks. In such blocks, the LEDs were not illuminated, the touch bar was not functional, and no water was delivered. In about half of these blocks, the 3--3 sequence occurred in \~60% of the trials and the other three sequences in \~40% of the trials, as in Task 1. In the other blocks, the 1--1 sequence occurred in \~60% of the trials and the other three sequences in \~40% of the trials, as in Task 2. These passive conditions were run after the monkeys had performed the tasks or on days when they did not perform the tasks.

In an additional passive block, pure tones with 40 different frequencies were presented at \~60 dB SPL to assess the best frequency of each multiunit. Frequencies were equidistantly spaced on a logarithmic scale over a range of 8 octaves (0.0625--16 kHz). Tones had a duration of 100 ms and were presented in a pseudorandom order with a stimulus-onset interval of 500 ms until each tone had been presented ten times. This passive block was run before the monkeys performed the tasks or before the passive condition on days when the monkeys did not perform the tasks.

Electrophysiological recordings and data analyses {#s4-3}
-------------------------------------------------

Action potentials (0.5--5 kHz) and local field potentials (1--140 Hz) were simultaneously recorded from up to seven sites in the core fields of the right auditory cortex (mainly from the primary auditory field A1), using a seven-channel manipulator (2--2.5 MΩ; for details, see [@bib10]). Action potentials and local field potentials were also recorded from the ventrolateral part of the left prefrontal cortex in monkey C, but these data are not reported here. Action potentials of a few neurons (multiunit) recorded by a given electrode were discriminated, and the time stamp and the waveform of each action potential was stored, using the built-in spike detection tools of the data acquisition systems (threshold crossings and spike duration). Single-unit activity was extracted off-line from the multiunit recordings by means of principal component analysis. The position of A1 was estimated using the spatial distribution of the best frequencies across the recording sites ([@bib10]; [@bib28]).

Data analysis was performed off-line using MATLAB (MathWorks, Natick, MA; RRID: [SCR_001622](https://scicrunch.org/resolver/SCR_001622)). For each site, statistical analyses were based on permutation tests of the spiking activity during the 250 ms intervals before or after tone onset and of the local field potentials during the 500 ms intervals before or after tone onset. During task performance and in the corresponding passive condition, only those sites that were responsive to the tone were used for analyses. A site was considered responsive if the neuronal activity before and after tone onset differed significantly (p\<0.05) in at least one of the following conditions: S1-no-go, S1-uncertain, S2-no-go, or S2-go or when it was presented in the corresponding four positions in the passive condition. This preselection of sites was conducted separately for the task and passive conditions, separately for spiking activity and local field potentials, and separately for 3 kHz tones and 1 kHz tones. To calculate the average normalized LFPs ([Figure 5E and 5F](#fig5){ref-type="fig"}), we first computed, for each site, the root-mean-square values (RMS) of the LFP in all consecutive 10 ms bins from 500 ms directly before tone onset to 800 ms after tone offset, and then normalized the RMS value in each 10 ms bin after tone onset to the mean RMS value during the 500ms period before tone onset. Finally, these normalized LFPs were geometrically averaged across sites. For each multiunit, the best frequency was determined from the responses to the 40 pure tones as described in [@bib8] and [@bib9].
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Associations between sounds and actions in early auditory cortex of nonhuman primates\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, and the evaluation has been overseen by a Reviewing Editor and Timothy Behrens as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Stephen V. David (Reviewer \#1); Christopher I Petkov (Reviewer \#2).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

This study by Huang and colleagues is timely and addresses important questions.

Summary:

This paper set out to establish motor related signals in auditory cortex. The authors trained two monkeys to switch between go and no-go responses within the same testing session, with the response depending on a sequence of two tones. They recorded spiking activity and local field potentials in both auditory cortex and ventro-lateral prefrontal cortex. Other studies from rodent and ferret auditory cortex have suggested that there might be motor related signals, but the authors are correct that those conclusions were tentative because a number of alternative explanations were not ruled out. This study focuses on these alternative explanations and attempts to address them.

Overall, this manuscript is well written, interesting, timely and will help establish the existence of non-auditory signals in auditory cortex.

Essential revisions:

1\) Several reviewers felt that the authors had not firmly established the presence of motor related signals in auditory cortex, or that alternative explanations had not been fully eliminated. They suggested an additional analysis and a change in the way some of the claims were discussed.

For example, when a tone shifts from go to no-go, the required motor response changes, but the reward associated with a given motor response also changes. That is, in a context where S1 means \"punish for go\", an enhanced AC response to S1 could signal that a go response to that sound is associated with a negative reward. While overall reward is the same for Task 1 and Task 2, the reward associated with the *same* motor response to the *same* stimulus is changing. Regarding questions of reward, consider recent work from the Salzman group (Baruni et al., 2015) in visual cortex where apparent selective attention effects could in fact be explained by associated reward value. One might also consider efforts to dissociate motor and category representations in visual prefrontal work (e.g., Freedman and Ibos, 2018). It appears that reward value changes in the current manipulation. The authors should carefully consider possible confounds in their task and highlight limitations to the interpretation of their results.

The central claim of the manuscript could be strengthened by examining error trial neural activity. For example, neural data on hit and false-alarm trials should be comparable. Stated another way, in error trials, is the activity closer to what the animal should have done, or what it did do? Does the activity in error trials encode the action, when the action should have been withheld? This would provide further evidence supporting encoding of motor signals. In addition to exploring this question here, the authors should discuss the relevant studies, namely Bizley et al. (2013) and Tsunada et al. (2016).

2\) Moreover, it is not clear that the controls for visual cue/task condition are complete. This concern has to do with pre-stimulus effects of task condition. The authors report a small but possibly significant change in spike rate prior to S1 onset (Figure 2Cii). This effect appears to be a tonic change in firing that reflects the rules of the current block (see Rodgers and DeWeese, 2014). It seems like such a tonic change should continue through the sound evoked period. Thus, changes in the S1 response should be measured after correcting for the change in pre-stimulus spike rate. It doesn\'t seem that this will critically affect the main result, but it is important that the authors isolate the change in sound-evoked response from tonic changes in spike rate.

The data can also be interpreted as a change in attention, as opposed to sensorimotor interactions. That is, activity may decrease on trials when attention to the second stimulus is required to determine task outcome, relative to those trials in which attention is not required because the outcome is known. Potentially, both are interesting but the interpretation of the data and ultimately, AC\'s function would be different.

The interpretation that stronger no-go responses in auditory cortex (which interestingly reverse to stronger go responses, as expected, later when the response needs to be made; Figure 2Fii) are related to (Abstract) \"inhibiting inappropriate responses during goal-directed behaviour\" is unclear. The Discussion does not provide more clarity on what the authors mean, so I do not see what the authors mean by \"inhibiting\" or \"inappropriate\" responses. This is crucial for the conclusion, and it might be useful to relate to or distinguish from Eliades and Wang (2008) where they see both suppression and enhancement in auditory cortex during vocalization in marmosets. Both vocalization and pressing a lever are self-generated movements but the movements are vastly different, of course. Again, analysis of the error trials might clarify the conclusion.

3\) The vlPFC data and their interpretation of it vis-a-vis AC activity should be removed from the manuscript. Data from one animal strongly limits the conclusions that can be drawn.
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Author response

> Essential revisions:
>
> 1\) Several reviewers felt that the authors had not firmly established the presence of motor related signals in auditory cortex, or that alternative explanations had not been fully eliminated. They suggested an additional analysis and a change in the way some of the claims were discussed.

We would like to thank the reviewers for pointing out the alternative explanations of our results. We addressed the reviewers' concerns and performed additional analyses as suggested and as explained in detail below.

> For example, when a tone shifts from go to no-go, the required motor response changes, but the reward associated with a given motor response also changes. That is, in a context where S1 means \"punish for go\", an enhanced AC response to S1 could signal that a go response to that sound is associated with a negative reward. While overall reward is the same for Task 1 and Task 2, the reward associated with the same motor response to the same stimulus is changing. Regarding questions of reward, consider recent work from the Salzman group (Baruni et al., 2015) in visual cortex where apparent selective attention effects could in fact be explained by associated reward value. One might also consider efforts to dissociate motor and category representations in visual prefrontal work (e.g., Freedman and Ibos, 2018). It appears that reward value changes in the current manipulation. The authors should carefully consider possible confounds in their task and highlight limitations to the interpretation of their results.

We agree with the reviewers that the behavioral meaning of a tone can be formulated in two different, albeit equivalent, ways. For example, S2-go means reward for the go-response and equivalently no reward for the no-go response. Similarly, S2-no-go means reward for the no-go-response and equivalently no reward for the go response. S2-go and S2-no-go therefore differed with respect to the motor response required to obtain a reward (e.g., go: reward vs. no-go: reward) and equivalently with respect to the reward value of a given motor response (e.g., go: reward vs. go: no reward). Our experimental design cannot distinguish between these two equivalent formulations of a stimulus-action-outcome association. This is now explained in the third paragraph of the subsection "Experimental rationale and overview". In addition, as the reviewers suggested, we cited the study of Baruni et al. (2015) in the first paragraph of the subsection "Role of auditory cortex in the selection of motor responses", as well as the study of Freedman and Ibos (2018).

> The central claim of the manuscript could be strengthened by examining error trial neural activity. For example, neural data on hit and false-alarm trials should be comparable. Stated another way, in error trials, is the activity closer to what the animal should have done, or what it did do? Does the activity in error trials encode the action, when the action should have been withheld? This would provide further evidence supporting encoding of motor signals. In addition to exploring this question here, the authors should discuss the relevant studies, namely Bizley et al. (2013) and Tsunada et al. (2016).

As suggested, we included the results of additional analyses of both spiking activity and LFPs in error trials. We found that neuronal responses to tones in error trials reflected what the monkeys actually did rather than what they should have done, supporting our central suggestion that there are motor-related signals in early auditory cortex. To show these results, we added a new figure (Figure 4) and a new subsection ("Representations of sensorimotor associations in auditory cortex is related to behavioral performance"), as well as a new sentence in the last paragraph of the subsection "Representation of sensorimotor associations in the local field potentials in auditory cortex". In addition, we added a new paragraph in the Discussion (subsection "Characteristics of the representation of sensorimotor associations in auditory cortex", second paragraph) to discuss the relevant studies including Bizley et al. (2013) and Tsunada et al. (2016).

> 2\) Moreover, it is not clear that the controls for visual cue/task condition are complete. This concern has to do with pre-stimulus effects of task condition. The authors report a small but possibly significant change in spike rate prior to S1 onset (Figure 2Cii). This effect appears to be a tonic change in firing that reflects the rules of the current block (see Rodgers and DeWeese, 2014). It seems like such a tonic change should continue through the sound evoked period. Thus, changes in the S1 response should be measured after correcting for the change in pre-stimulus spike rate. It doesn\'t seem that this will critically affect the main result, but it is important that the authors isolate the change in sound-evoked response from tonic changes in spike rate.

We apologize that we were obviously not clear enough in our original manuscript regarding the controls we performed for the neuronal activity related to visual cue/task condition. Specifically, we used two approaches to control for tonic pre-stimulus differences in neuronal activity related to visual cue/task condition. First, we estimated the percentage of units whose activity differed between the two tasks both before tone presentation and during tone presentation. The number of these units was subtracted from the number of units whose activity differed significantly during tone presentation when estimating the percentage of units that represent sensorimotor associations. Our second approach was to compare the activity during tone presentation between the two tasks after correcting for any differences in activity before tone presentation by normalizing the activity during tone presentation to the activity before tone presentation, as suggested by the reviewers. The results of this approach had been shown in Figure 2E-2F, Figure 2---figure supplement 1E-F, Figure 3, and Figure 3---figure supplement 1. We tried to make this clearer to readers by modifying the text (subsection "Experimental rationale and overview", sixth paragraph, subsection "Representation of sensorimotor associations in auditory cortex revealed by comparing spike responses to S1", third and last paragraphs and subsection "Spike responses were strongest to tones that signaled the no-go response", first paragraph). In addition, we cited the study of Rodgers and DeWeese (2014) in the second paragraph of the Introduction and subsection "Experimental rationale and overview", sixth paragraph.

> The data can also be interpreted as a change in attention, as opposed to sensorimotor interactions. That is, activity may decrease on trials when attention to the second stimulus is required to determine task outcome, relative to those trials in which attention is not required because the outcome is known. Potentially, both are interesting but the interpretation of the data and ultimately, AC\'s function would be different.

We agree with the reviewers that the level of attention to S2 might differ depending on whether S2 was required to solve the task or not. However, the differences in the neuronal responses to S2 observed in our study cannot be fully explained by a change in attention. First, we compared neuronal responses to S2-go and S2-no-go. Both were required to solve the task and thus likely did not differ in level of attention devoted to them, but the neuronal responses to differed. Second, the level of attention devoted to both S2-go and S2-no-go might have differed from that devoted to S2-nil because S2-nil was not required to solve the task. Nevertheless, differences in the neuronal response were observed only between S2-no-go and S2-nil but not between S2-go and S2-nil (Figure 2---figure supplement 5). This suggests that the differences in the neuronal responses to S2-no-go and S2-nil were unlikely due to differences in attention, because otherwise similar differences in the neuronal response should have been observed also between S2-go and S2-nil. In addition, the difference in the neuronal response to S1 between the two tasks also cannot be explained by differences in the level of attention because both S1-no-go and S1-uncertain were required to solve the task and therefore presumably did not differ in the level of attention devoted to them. To clarify this issue, we made changes in the subsection regarding the experimental rationale ("Experimental rationale and overview"), in the Results subsection ("Representation of sensorimotor associations in auditory cortex revealed by comparing spike responses to S2", last paragraph).

> The interpretation that stronger no-go responses in auditory cortex (which interestingly reverse to stronger go responses, as expected, later when the response needs to be made; Figure 2Fii) are related to (Abstract) \"inhibiting inappropriate responses during goal-directed behaviour\" is unclear. The Discussion does not provide more clarity on what the authors mean, so I do not see what the authors mean by \"inhibiting\" or \"inappropriate\" responses. This is crucial for the conclusion, and it might be useful to relate to or distinguish from Eliades and Wang (2008) where they see both suppression and enhancement in auditory cortex during vocalization in marmosets. Both vocalization and pressing a lever are self-generated movements but the movements are vastly different, of course. Again, analysis of the error trials might clarify the conclusion.

We apologize for using the misleading language in this instance. The term 'inhibiting inappropriate responses' was not precisely used here. We meant to interpret the stronger neuronal responses to the no-go tone in such a way that auditory cortex can provide a neuronal signal to indicate that a certain motor response (in our case, the go response) needs to be inhibited in the upcoming future, thus contributing to the selection of the appropriate motor responses to sounds. The enhanced neuronal responses to the no-go tone are related to the behavioral meaning of the tone and therefore different from the neuronal activity related to the actual execution of motor behavior such as grasping a bar (e.g., Brosch et al., 2005), releasing a bar (e.g., Figure 2F in our study), and vocalizing (e.g., Eliade and Wang, 2008). To avoid confusion, we removed the term 'inhibiting inappropriate responses' from the manuscript. Furthermore, to contrast the neuronal activity related to the behavioral meaning of a given tone and the neuronal activity related to the actual execution of a motor response, i.e., the bar release in our study, we added two new figures to show the neuronal activity in auditory cortex related to the bar release (Figure 2---figure supplement 4 for the spiking activity and Figure 5---figure supplement 1 for LFPs). We also made changes in the sixth paragraph of the subsection "Representation of sensorimotor associations in auditory cortex revealed by comparing spike responses to S2" to describe the neuronal activity related to this bar release. In addition, we cited the study of Eliades and Wang (2008) in the fifth paragraph of the subsection "Experimental rationale and overview" and in the last paragraph of the subsection "Role of auditory cortex in the selection of motor responses".

As suggested here and also in Essential revision 1, we performed additional analyses for error trials. For details of the analyses and the results, see our responses to Essential revision 1 starting with "The central claim of the manuscript could be strengthened by examining error trial neural activity".

> 3\) The vlPFC data and their interpretation of it vis-a-vis AC activity should be removed from the manuscript. Data from one animal strongly limits the conclusions that can be drawn.

As suggested, we removed the results obtained from vlPFC and the comparison between vlPFC and AC from the manuscript.
